Computerized tests benefit from automated scoring procedures and standardized administration instructions. These methods can reduce the potential for rater error. However, especially in patients with severe mental illnesses, the equivalency of traditional and tablet-based tests cannot be assumed. The Brief Assessment of Cognition in Schizophrenia (BACS) is a pen-and-paper cognitive assessment tool that has been used in hundreds of research studies and clinical trials, and has normative data available for generating age-and gender-corrected standardized scores. A tablet-based version of the BACS called the BAC App has been developed. This study compared performance on the BACS and the BAC App in patients with schizophrenia and healthy controls. Test equivalency was assessed, and the applicability of paper-based normative data was evaluated. Results demonstrated the distributions of standardized composite scores for the tablet-based BAC App and the pen-and-paper BACS were indistinguishable, and the between-methods mean differences were not statistically significant. The discrimination between patients and controls was similarly robust. The between-methods correlations for individual measures in patients were r N 0.70 for most subtests. When data from the Token Motor Test was omitted, the between-methods correlation of composite scores was r = 0.88 (df = 48; p b 0.001) in healthy controls and r = 0.89 (df = 46; p b 0.001) in patients, consistent with the test-retest reliability of each measure. Taken together, results indicate that the tablet-based BAC App generates results consistent with the traditional pen-and-paper BACS, and support the notion that the BAC App is appropriate for use in clinical trials and clinical practice.
Introduction
Cognitive deficits in schizophrenia can be severe and devastating to patients and their families. People with schizophrenia underperform controls by an estimated one and a half to two standard deviations on multiple aspects of cognitive functioning (Nuechterlein et al., 2008) . Cognitive impairment in schizophrenia is an important unmet medical need, and is the target of numerous treatment efforts (Keefe et al., 2011a (Keefe et al., ,b, 2013 Wykes et al., 2011; Goff et al., 2011) .
A variety of methods have been used to measure cognition in patients with schizophrenia in clinical practice and clinical trials. Standard neuropsychological tests have been used for decades to measure cognition in patients with schizophrenia. These standard clinical measures have the benefit of proven methodologies and patient-rater interaction, which can be flexible based upon the needs of the patient and the clinical situation. In schizophrenia research, these measures have demonstrated sensitivity to impairments and consistent correlations with functional outcomes, which has been one of the key driving forces of interest in cognition as a treatment target.
Compared to traditional pen-and-paper neurocognitive assessments, computerized tests carry the potential to reduce rater error by leveraging automated scoring algorithms and standardized administrator instructions. However, especially in patients with severe mental illnesses and neurologic disorders, computerized tests can be difficult to implement due to the rigidity of their administration procedures and reduced adaptability to individual patient needs and understanding. These limitations have sometimes resulted in increased rates of missing data for computerized tests relative to standard paper methods (Silver et al., 2006; Harvey et al., 2013; Keefe et al., 2007a,b; Iverson et al., 2009) . Further, because computerized tests tend to be more abstract than paper tests with physical materials, severely impaired populations may struggle to understand test requirements (Iverson et al., 2009) .
One potential solution for impaired populations that may combine the strengths of both traditional pen-and-paper and computerized testing platforms is a streamlined tablet-based interface that combines the flexibility and human interaction of standard methods with the consistency and automaticity of computerized methods. Tablet-based versions of other standard cognitive assessment instruments such as the Wechsler Adult and Child Intelligence Scales (Wechsler, 2003 (Wechsler, , 2008 have been developed and are in use in clinical practice.
The Brief Assessment of Cognition in Schizophrenia (Keefe et al., 2004) was developed as a quick and effective tool for the assessment of cognitive change in schizophrenia. The BACS comprises six tasks for the evaluation of 4 cognitive domains identified as important for clinical trials in schizophrenia by the MATRICS Neurocognition Committee (Nuechterlein et al., 2004) , including verbal memory, working memory, processing speed, and reasoning/problem solving. The composite score has high test-retest reliability in patients with schizophrenia and healthy controls (ICCs N 0.80), has been shown to be as sensitive to the cognitive deficits of schizophrenia as a standard 2.5-hour battery (Keefe et al., 2004) and is highly correlated (r = 0.84, p b 0.001) with the composite score derived from the CATIE Neurocognitive Test Battery (Keefe et al., 2007a,b; Hill et al., 2008) . The BACS has clear functional relevance, as evidenced by strong correlations between the composite score and functional measures such as independent living skills (r = 0.45), performance-based assessments of performance of everyday living skills (r = 0.56), and interview-based assessments of cognition in patients with schizophrenia (r = 0.48; Keefe et al., 2006) . It has also demonstrated sensitivity to treatment (Bowie et al., 2012; Geffen et al., 2012) . The original BACS has been adapted for use for indications beyond schizophrenia , and in this context is referred to simply as the BAC (Brief Assessment of Cognition). Normative data based upon 400 healthy participants demographically matched to the US Census allow for calculation of standardized domain scores and overall composite scores with correction for age and gender.
The BAC App was developed to allow tablet-based delivery and scoring of all subtests included in the original pen and Paper BAC/BACS instrument, which we will refer to here as the Paper BAC. The test battery can be administered in full or with individual tests to yield subtest and total scores with normative results. Like the original instrument, the BAC App assesses multiple cognitive domains. By ensuring standardized administration of instructions and test stimuli, the BAC App allows for reduction in error variance due to rater inconsistencies, and provides automated scoring. Results can be immediately reviewed on the tablet device, or transferred to a central data repository for later analysis.
The primary aim of the present validation study was to assess the validity of the BAC App as a measure of cognitive function by comparing performance and psychometric characteristics of the BAC App with the original Paper BAC in the same group of participants. In order to assess test equivalency and determine the sensitivity of the BAC App to cognitive deficits in schizophrenia, healthy controls and patients with schizophrenia completed the BAC App and Paper BAC within a single visit.
Methods

Participants
Participants included 48 patients (23 females) with schizophrenia (DSM-IV-TR Criteria) and 50 healthy controls (25 females) recruited from three academic sites including the University of California-San Diego, the University of Miami -Miller School of Medicine, and the University of South Carolina. All participants were screened for alcohol and substance abuse using modules J and K of the MINI International Neuropsychiatric Interview. Any subject meeting criteria for current alcohol or substance abuse was excluded. All subjects provided signed informed consent prior to completion of study-related activities.
Detailed demographic information is displayed in Table 1 . To ensure adequate sampling to support validation of the BAC App across age and sex demographics, enrollment was stratified to include balanced representation of men and women in each of 6 age groups: 18-29, 30-39, 40-49, 50-59, 60-69, 70+ . In addition, study investigators made a concerted effort to match patients and controls on age, sex and race. As indicated in Table 2 , groups were well matched on each of these variables and on maternal education. Patients and controls differed significantly with respect to years of education attained (p b 0.001).
Design and procedure
All subjects completed the BAC App and the Paper BAC assessments at a single study visit, with order of administration counterbalanced across subjects. For subtests with multiple forms (Verbal Memory, Tower of London, Symbol Coding), alternate versions were utilized during administration of the tablet and paper-based tests. As such, no word list memoranda, Tower of London item or Symbol Coding configuration was completed more than once for any participant.
Following informed consent procedures, participants completed a brief demographic and medical history questionnaire. Participants were screened for current alcohol and substance abuse to ensure eligibility prior to testing. The BAC App and Paper BAC tests were then administered by trained raters. Following completion of both assessments, subjects completed a brief questionnaire to provide subjective ratings of their experiences with the BAC App. Finally, all subjects were administered two measures of functional capacity, including the Virtual Reality Functional Capacity Assessment Tool (Ruse et al., 2014; Atkins et al., 2015) and the UCSD Performance-based Skills Assessment (Patterson et al., 2001 ) not discussed here. The study visit lasted approximately 3 h, including screening. Participants received a $50 gift card as compensation for their time and effort.
BAC App method
Detailed descriptions of the Paper BAC tests can be found in previous publications (e.g. Keefe et al., 2004 Keefe et al., , 2006 Keefe et al., , 2008 . The BAC app is a tabletbased version of the instrument developed for use on an iPad© tablet. Subtests within the BAC App can be administered in sequence as a full battery, as presented here, or the App can be configured to allow for administration of a smaller selection of tests and/or customized test order. In order to facilitate repeated testing and reduce practice effects, alternate versions are available for several BAC App subtests, including Verbal Memory (7 versions), Symbol Coding (8 versions), and Tower of London (8 versions).
All tests administered within the BAC App are completed under the supervision of a trained rater. Instructions for each subtest are presented by a female narrator within the App, ensuring consistent and accurate administration. The rater can initiate repetition of instructions through the touch screen to ensure adequate understanding by the subject prior to task initiation. The electronic tablet device is passed between the rater and the subject during testing. The BAC App supports audio capture for verbal subject responses. The audio recording feature is enabled on all tests requiring verbal responses, including Verbal Memory, Digit Sequencing, Semantic and Letter Fluency. In order to ensure accurate scoring of these tests, the rater is given the opportunity to review the audio files and confirm scoring at the end of test administration.
Following is a description of the six subtests of the BAC App: The primary outcome measure from the both the BAC App and Paper BAC is a composite T score that averages the standardized scaled scores from each of the six tests. The T-score is a metric for expressing standard scores and has a mean of 50 and an SD of 10. Composite scores for the Paper BAC and BAC App were computed using published normative values for the paper version of the test , with adjustments for age and gender applied to T-scores for each subtest. The Composite score for subjects with missing subtests was imputed using the average of the remaining subtests.
Performance differences
Differences in performance on the BAC App and Paper BAC were evaluated using the t-test and Cohen's d. Between-group comparisons (t-test and Cohen's d) assessed the effectiveness of the BAC App and Paper BAC in distinguishing between patients and healthy controls. Pearson correlations between the BAC App and Paper BAC domains were calculated to determine correspondence between performance on the Paper BAC and BAC App versions of each test, as well as the summary composite scores derived from paper and iPad based assessments.
After comparing the T-scores for each subtest and the composite between the BAC App and Paper BAC, a modified composite was calculated (see the Results and Discussion sections). The modified composite score included a 10-point addition to the BAC app symbol coding and removal of the token motor subtest. R-squared was calculated to measure the correlation between the BAC app and Paper BAC modified composite scores. 
Results
Completion rate
One patient was unable to complete the BAC App Tower of London assessment due to a lack of understanding of the task. For three healthy controls and one patient, the BAC App Verbal Fluency subtest scores were missing due to an administration error. BAC App Verbal Memory data was missing for one patient due to an administration error. For all cases with missing data, composite scores were imputed using the average of the remaining tests.
Performance differences
Table 2 displays means and standard deviations for healthy controls and schizophrenia patients on each subtest in the BAC App and Paper BAC. In both groups, the distributions of standardized composite scores for the BAC App and Paper BAC were indistinguishable, and the between-methods mean differences were not statistically significant (Table 2 ). Significant differences were found between the Paper BAC and the BAC App in both groups for the symbol-coding test and for the token motor test in the controls only, with the BAC app leading to poorer performance on symbol coding and better performance on the token motor test. For all other tests, the differences between methods were small and not statistically significant.
Effect sizes (Cohen's d) were also calculated between healthy controls and patients with schizophrenia within BAC app and Paper BACS. The discrimination between patients and controls was similar for composite scores from the BAC App (d = 1.34) and the Paper BAC (d = 1.25). Each test in the BAC App demonstrated sensitivity to cognitive deficits in the schizophrenia group, with patients significantly underperforming controls (see Fig. 1 ).
Correlations between BAC app and Paper BAC measures
The correlations between the BAC app and Paper BAC measures for healthy controls and patients with schizophrenia are presented in Table 3 . In healthy controls, correlations between BAC App and Paper BAC measures were greater than r = 0.70 (p b 0.01) for Verbal Memory, Digit Sequencing, Verbal Fluency, Symbol Coding and Tower of London. The Paper BAC and BAC App versions of the Token Motor Task were more modestly correlated (r = 0.47, p b 0.01), reflecting the considerable differences between the finger swipe action required by the BAC App and the manual manipulation of tokens in the original Paper BAC. The magnitude of correlations between the BAC App and the Paper BAC was similar in the patient group: Verbal Memory, Digit Sequencing, and Verbal Fluency were correlated at r = 0.70 (p b 0.01) or greater, though the correlation for the Tower of London task was slightly lower at r = 0.61 (p b 0.01). As with healthy controls, the correlation was lowest for the Token Motor Task (r = 0.43, p b 0.01) suggesting both populations were sensitive to differences in task demands between the Paper BAC and BAC App versions of this test.
Modification of BAC App and Paper BAC composite scores
Composite scores for the Paper BAC and BAC App were computed using published normative values for the paper version of the test . Using this method, the correlation between BAC App and Paper BAC composite scores for healthy controls was r = 0.86 and for patients r = 0.77 (Fig. 2a) . Observed differences between the Paper BAC and BAC App on the symbol coding and token motor subtests (see Table 2 ) prompted further consideration of the equivalency of the paper-and tablet-based version of these measures. For the symbol coding subtest, a 10-point difference was observed between the two methods in both patients, though the standard deviations for the measures were equivalent in both groups. For the token motor test, differences were more substantial and were marked by low correlations in both patients and controls (p b 0.50) as well as increased variability in the BAC App version of the measure. In order to address these issues, a modified composite score for the BAC App was produced to improve test equivalency in the absence of a full set of normative data for the BAC App. Modification included a raw score adjustment of 10 points (+10) to BAC App raw scores for the symbol coding task and removal of token motor subtest from both BAC App and Paper BAC composite calculations. The correlation between modified composite scores for the BAC App and Paper BAC was r = 0.88 (p b 0.001) in healthy controls and r = 0.89 (p b 0.001) in patients (Fig. 2b) , which is consistent with the test-retest reliability of the Paper BAC measure (Keefe et al., 2004) . Fig. 3 presents the overlap histograms of the modified composite scores. Distributions of modified composite scores were nearly identical for the BAC App and the Paper BAC in both healthy controls (Fig. 3a) and patients with schizophrenia (Fig. 3b) . Modified composite score for both the BAC App and Paper BAC demonstrated strong discrimination between patients and controls ( Fig. 3c and d, respectively) , indicating the modified composite is effective in increasing test equivalency while preserving sensitivity to cognitive impairments in the patient group.
Testing order
In order to evaluate the influence of testing order on observed results, BAC App modified composite scores and Paper BAC composite The degree of these deficits is comparable to deficits observed using the traditional pen-and-paper BACS (e.g. Keefe et al., 2004 
Correlations with the Virtual Reality Functional Capacity Assessment Tool (VRFCAT)
The correlations between the BAC App and the VRFCAT, a computerbased measure of functional capacity, were robust for healthy controls (r = 0.69) and for patients (r = 0.61). These correlations were slightly larger than those found between the VRFCAT and the Paper BAC in healthy controls (r = 0.62) and patients (r = 0.46).
Discussion
The primary aim of the present validation study was to assess the validity of the BAC App as a measure of cognitive function by examining performance on the BAC App and comparing it to performance on the original Paper BAC. The BAC App allows tablet-based delivery and scoring of 5 key subtests for the assessment of cognitive impairment included in the original pen and Paper BAC. By ensuring standardized administration of instructions and test stimuli, the BAC App allows for reduction in error variance due to rater inconsistencies, and provides automated scoring, yet maintains the participant-rater interactions inherent in human testing. The data from this study suggest that the BAC App has very similar overall psychometric characteristics to the traditional Paper BAC. Specifically, the BAC App had nearly identical sensitivity to the overall cognitive deficits measured by a composite score comparing patients with schizophrenia to healthy controls. The completion rate with the BAC App was very high, with very few missing data points, in contrast to computerized technology that historically has led to a significantly increased missing data rate (Silver et al., 2006; Harvey et al., 2013; Keefe et al., 2007a; Iverson et al., 2009 ). Finally, the BAC App demonstrated strong correlations with scores on the VRFCAT, a measure of functional capacity, suggesting that the BAC App, like the BAC, measures aspects of cognition that are relevant for the performance of everyday functional tasks.
Most cognitive tests included in the BAC App demonstrated very high correlations with the tests from the Paper BAC. These tests included Verbal Memory, Digit Sequencing, Tower of London, and Verbal Fluency. The consistency of results for these tests is natural and expected in light of minimal change in testing methodology between the Paper BAC and the BAC App. In contrast, the test method for the symbol coding test varies considerably between the Paper BAC and the BAC App, the former requiring written responses and the latter requiring the use of a digital keypad. Despite these variations, the decrement in performance from the Paper BAC to the BAC App was fairly linear with correlations N 0.70 in both groups and a 10-point difference between the two methods in each group. Thus, a 10 point correction to the BAC App score enables use of the original BAC norms with minimal validity concerns. The methodology for the BAC App Token Motor Test also varies considerably from that employed by the Paper BAC. In the Paper BAC, subjects are required to manipulate real plastic tokens by lifting them off of a table and placing them into a container. By comparison, the BAC App requires subjects to swipe virtual 'digital' tokens and release them into a virtual bowl. For this test, differences in methodology likely explain the lower correlations observed between the Paper BAC and BAC App in both healthy controls and patients with schizophrenia (r b 0.50), as well as larger standard deviations for the BAC App version, and mean differences between the methodologies in the patient group. It is also likely that prior experience with tablet applications may be more predictive of performance on this test than any of the other tests. Future studies will need to establish normative performance for the BAC App version of the Token Motor Test, since the current norms are not applicable. While the ability to swipe a screen is an important functional skill, useful for both tablet devices and mobile phones, variability in this skill leads to divergent performance between the BAC App and the Paper BAC.
The creation of a composite score for the BAC App using previously published norms for the Paper BAC reflects very similar performance if a 10-point correction is made for the symbol coding test and the Token Motor Test is not included. This 5-test composite score was found to be correlated with the Paper BAC composite score with values of 0.89 for controls and 0.88 for patients, which is almost identical to the test-retest reliability of the Paper BAC. Thus, this score should be a useful psychometric index of cognitive functioning in patients with schizophrenia, based upon age-and sex-corrected values from the healthy population. Further, the strong correlation of 0.61 with a measure of functional capacity, the VRFCAT, in patients with schizophrenia is consistent with previous reports on the correlation between other tests batteries, such as the MCCB, with traditional measures of functional capacity such as the UCSD Performance-based Skills Assessment (Leifker et al., 2010) .
There are a few limitations to this study. First, the sample size for this study was relatively small for a validation study. Although the results were very clear, and larger samples would be unlikely to reach alternate conclusions, larger samples would provide better reflection of the overall population, establish the test-retest reliability of the BAC App, and enable an investigation of the different demographic factors that may affect performance on a tablet-based cognitive test battery. Such studies are underway. Second, although we expect that the standardized administration provided by the BAC App may increase data quality in clinical trials employing raters of varying expertise, the present investigation cannot speak directly to this point. Finally, although every effort was made to ensure impartial data collection and analysis, funding for the current study was provided by a company with financial interest in the BAC and BAC App. Replication by independent research groups will be important to confirm the validity and usefulness of the BAC App.
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